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POLYISOCYANIDES. SYNTHESIS AND ISOMERIZATION 
TO POLYCYANIDES
BY
R. J. M. NOLTE, R. W. STEPHANY and W. DRENTH
(Laboratory for Organic Chemistry of the University, Croesestraat 79, Utrecht,
The Netherlands)
Ni(C2H 5OH) (/-C4H 9NC)C12 and nickel acetylacetonate are effective catalysts 
for the polymerization of isocyanides. Protic solvents and the presence of an 
acid accelerate the polymerization in case of nickel acetylacetonate. The reaction 
products are characterized as poly-SchifT bases. Upon treatment with acid the 
polymers of primary alkyl isocyanides rearrange to polycyanides.
Introduction
In the course of a study of the chemistry of isocyanide-metal complexes 
in this laboratory it was found that nickel(II) compounds are effective 
catalysts for the polymerization of isocyanides. In spite of the numerous 
reports1,2 describing the insertion of isocyanides into metal complexes, 
the coordination polymerization of isocyanides by metal complexes 
has hardly been investigated2-4. The present paper5 deals with the 
synthesis of polyisocyanides and with a so far unknown rearrangement 
to polycyanides. In a subsequent paper6 the mechanisms of polymeriza­
tion and of isomerization will be discussed.
1 See for instance: Y. Yamamoto , H. Yamazaki and N. Hagihara, Bull. Chem. Soc. 
Japan 41, 532 (1968); J. Organometal. Chem. 18, 189 (1969); Y. Yamamoto and
H. Yamazaki, Bull. Chem. Soc. Japan 43, 2653, 3634 (1970); 44, 1873 (1971); J. 
Organometal. Chem. 24, 717 (1970); Inorg. Chem. 11, 211 (1972); P. M. Treichel 
and R. W. Hess, J. Arner. Chem. Soc. 92, 4731 (1970).
2 S. Otsuka, A. Nakamura and T. Yoshida, ibid. 91, 7196 (1969).
3 Y. Yamamoto , T. Takizawa and N. Hagihara, Nippon Kagaku Zasshi 87, 1355 (1966).
4 T. Saegusa, Y. Ito, S’. Kobayashi and K. Hirota , Tetrahedron Letters 1967, 521.
5 More details in: R. J. M. Nolle , Thesis, Utrecht (1972).
R. J. M. Nolle and W. Drenth, to be published.
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Results and discussion
The isolation of the pale green complex Ni(C2H 5OH) (r-C4H9NC)Cl2 
(1) has already been reported7. The addition of an excess of isocyanide 
to ethanolic solutions of 1 led to colour changes from green to red 
and formation of precipitates. After isolation from the reaction mixture 
faintly coloured solids were obtained in good yields (Table I). These
T a b le  I
Polymerization of  isocyanides, RNC, by nickel(II)-compounds at 25°.
Solvent ethanol, unless otherwise indicated.
R
•
[R N C ]
mol. l-1 Catalyst
[Catalyst] x 102 
mol.l 1
Time
h
Yield
°//o
c h 3 3.6 r 0.94 5 26
c h 3 3.6 l 0.94 22 73
c h 3 4.3 Ni(Acac)2b 0.88 4 23
c 2h 5 3.4 1 0.90 4 99
c 2h 5 2.4 1. 0.63 3.5C 73
c 2h 5 2.0 Ni(Acac)2 9.5 1 100
c , h 5 2.1 Ni(Acac)2 4.2 5 96
c 2h 5 2.2 Ni(Acac)2 0.97 3.5 82
c 2h 5 2.6 NiCl2 d 24 99
/7-C4H 9 2.1 Ni(Acac)2 2.0 4 94
i-C3H 7 0.93 1 0.91 0.75 82
i-C3H 7 0.93 1 0.91 3 84
cyclo-C6H! j 0.90 1 0.58 4 86
cyclo-CfcH! j 2.3 Ni(Acac)2 0.81 3 96
C H 3C H (C 6H 5) 0.93 Ni(Acac)2 1.0 5 80
/-c 4h 9 0.83 1 0.75 145 17
/-c 4h 9 2.0 Ni(Acac), 0.91 21c 0
/-C4H 9 8.8 NiCl2 f 72 37
c 6h 5 0.83 1 0.87 2 86
c 6h 5 0.83 1 0.87 4 87
a 1 =  N i(C 2H 5OH) (/-C4H 9NC)C12.
b Acac =  acetylacetonate.
c Temperature 0 .
d Heterogeneous system; solvent EtOH/C<,Hb (1:1 v/v); 1.00 mmole catalyst, 40 ml 
solvent.
c Temperature 78 .
f Heterogeneous system, no solvent; 2.85 mmole catalyst, 52.5 mmoles isocyanide.
R. W. Stephany , R. J. M. Nolte and W. Drenth, Reel. Trav. Chim. Pays-Bas, submitted 
for publication.
Polycvanidesr  r 92 (1973) RECUEIL 85
solids were insoluble in polar solvents and sometimes slightly soluble 
in apolar solvents. They did not melt on heating up to 300 . The element­
ary composition of the solids appeared to be identical with those of the 
starting isocyanides. The infrared absorption spectra of the solids 
showed no isocyanide stretching vibration, but strong bands were 
present at 1625-1635 cm -1. The ultraviolet and visible spectra of 
soluble fractions showed strong absorption bands with maxima below 
the transparency limits of the solvents. In the proton magnetic resonance 
spectra of soluble samples broadened peaks were visible, attributable 
to the same substituents R as are found in the initial isocyanide RNC. 
Molecular weight determinations showed the solids to be high molecular 
compounds. Some relevant data are given in Table II.
T a b le  11
Physical properties of polyisocyanides (R N C )n.
R3 Colour
v C N
c m " 1
N M R  shift 
ppm h M t c
c h 3 yellow-brown 1635 d
c 2h 5 yellow-ochre 1635 1.16 (3H,23); 3.41 (2H,42) 5500 (100)
/?-C4H t, cream-brown 1635 d
i-C3H 7 pink-white 1630 d
cyclo-C(1H !, cream-white 1635 d
C H 3C H (C 6H 5) yellow 1625 1.15 (3H,75); 5.00 (1H,53) 118,000°
6.90 (5H,57) (900)
'-C 4H l( pale yellow 1630 1.36(13) 1280 (15)
c (1h 5 yellow 1635 d
a Satisfactory elemental analyses have been obtained for all compounds. 
b In CC14 downfield from TMS as internal reference. Broad signals were obtained centred 
at the values given. Intensity ratios and line width at half-height in Hz are given in 
parentheses.
c From vapour pressure osmometer data of samples soluble in benzene. Degree ot 
polymerization in parentheses. 
d The low solubility of the polymer prevented its further characterization. 
c Viscosimetric determination in toluene at 30 . The relationship between [ n] and 
molecular weight was calculated from ref. 13.
It was concluded from these results and from the spectral resemblance 
with model compounds like /V,yV'-diphenyl-2,3-butanediimine (2) and 
^-substituted ethanediimines (3) that the solids were polymers with a 
poly-SchitT base structure (4):
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NPh NR NR
CH C \ C H C
C CH C C H
PhN RN
n
RN
2 4 3
This structure agrees with the familiar reaction mode of a-addition, 
that isocyanides undergo at the terminal carbon atom8. It has also been 
proposed for the polymers synthesized with BF3 • etherate3,9-12 and an 
acid-treated powdered glass system13 as catalysts.
T ab le  III
Polymerization of ethyl isocyanide by metal acetylacetonates 
and dicobalt octacarbonyl in chloroform at 61 o a
Catalyst
Yield
V/ o
F em(Acac)3 0
C r m(Acac)3 8
C o m(Acac)3 9b
C o n(Acac)2 61
N in(Acac)2 100c
P d n(Acac)2 53
C u M(Acac)2 29
M n “(Acac)2 1
Z n “(Acac)2 0
C d n(Acac)2 0
Co°(CO)8d‘ 100
[E tN C] 1.6 mol.l 1 ; [catalyst] 8.0 x 10 2 mol.l 1 ; reaction time 5 h. 
b Solvent benzene; reaction temperature 80°.
[E tN C] 1.75 mol.l-1 , [catalyst] 8.2 x 10“ 2 mol.l-1 . 
d Ref. 3.
8 I. Ugi, Isonitrile Chemistry. Academic Press, New York (1971).
4 Y. Yamamoto and N. Hagihara, Nippon Kagaku Zasshi 89, 898 (1968).
10 S. Iwatsuki, K. Ito and Y. Yamashita, Kogyo Kagaku Zasshi 70, 1822 (1967).
11 T. Saegusa, N. Taka-ishi and Y. Ito, J. Org. Chem. 34, 4040 (1969).
12 R. W. Stackmann , J. Macromol. Sci. A2, 225 (1968).
13 F. Millich and R. G. Sinclair II, J. Polymer Sci. C22, 33 (1968); A-l, 6, 1417 (1968); 
F. Millich and G. K. Baker, Macromolecules 2, 122 (1969).
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Polymerization of tert-butyl isocyanide was comparatively difficult, 
presumably because of the bulkiness of the tert-buty\ group. The 
highest yield was obtained in a heterogeneous system with nickel 
chloride without solvent.
In addition to Ni(C2H 5OH) (/-C4H9NC)C12 and nickel chloride 
metal acetylacetonates and dicobalt octacarbonyl3 were used as poly­
merization catalysts. The latter, and nickel acetylacetonate, Ni(Acac)2, 
showed the highest catalytic activity (Table III). A strong solvent effect 
was observed on polymerization with Ni(Acac)2 (Table IV). In protic 
solvents the reaction proceeded rapidly. In benzene, toluene and dioxane 
the isocyanide was coordinated with the catalyst buf the rate of poly­
merization was extremely low. The formation of complexes was con­
cluded from the colour change from green to purplish-blue which 
occurred when excess isocyanide was added. Moreover, a purple-blue 
solid (5) was isolated on cooling a solution of Ni(Acac)2 and ethyl 
isocyanide in toluene. Compound 5 was thermally unstable and de­
composed on redissolving or on standing at room temperature. Mulled
T ab le  IV
Solvent effect on polymerization of ethyl isocyanide by nickel acetylacetonate.
Reaction time 5 h. unless otherwise indicated.
[EtNC]
mol.l- 1 Solvent
[Catalyst] x 102 
mol.l - 1
Temp.
°C
Yield
°//o
2.1 ethanol 4.2 25 96
2.2 aniline 4.2 25 69
2.3 toluene/EtOH 3: 1 v/v 4.1 25 82
2.3 dioxane/H20  3 : 1 v/v 4.1 25 99
2.5 benzene 5.2aA 25 66
2.4 H M P T b 4.1 25 9
2.5 chloroform 1.3 40 46
2.4 chloroform 4.7 40 69
2.4 dioxane 5.3 40 6
2.4 dioxane '  5.3 40c 28
2.4 benzene 5.3 40 2
2.4 benzene 5.3 40d 22
2.4 toluene 5.0 75 10
a As co-catalyst 2.4 x 10-2 mol.l- 1 CCl3COOH was added.
b H M PT = hexamethyl phosphoric triamide.
c Reaction time 73 h.
d Reaction time 79 h.
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in nujol its infrared spectrum showed a strong, sharp isocyanide absorp­
tion at 2208 c m” 1 and a shoulder at 2189 c m " 1. As compared with 
uncomplexed isocyanide14 the value of the NC stretching frequency 
increased by 60 cm ” 1. Similar frequency shifts have been observed in 
other nickel-isocyanide complexes7,15. On the basis of the abbve 
results the elemental analysis and the amount of isocyanide consumed 5 
was formulated as the complex Ni(Acac)2(C2H5NC)2. Polymerization 
of isocyanide with Ni(Acac)2 in benzene, toluene and dioxane appeared 
to be possible if a protic compound was added to the reaction mixture.
Polymerization of primary alkyl isocyanides in different solvents 
was found to produce polymers with colours that varied from yellow to 
black. Reactions performed in polar solvents at 0-25 mostly gave 
yellow polymers with poly-Schiff base structure. On the other hand, reac­
tions performed at higher temperatures or in solvents in which the 
polymers were slightly soluble produced brown or dark-brown products. 
The presence of an acid in the reaction mixture even led to black com­
pounds. The same black compounds were obtained quantitatively 
on adding an acid to solutions or suspensions of the yellow polymers. 
Polymers of secondary isocyanides and of rm-butyl isocyanide were 
stable and did not change colour when treated with acid.
The black solids prepared from poly-(ethyl isocyanide) were insoluble 
in apolar solvents and frequently slightly soluble in polar solvents 
like water, methanol and ethanol. The compounds were infusible. On 
heating for 10 h in air.at 300 the loss in weight was 25-40 (,/0. Elemental 
analyses and molecular weight determinations showed that the black 
solids were also polymers, isomeric with the poly-Schiff base polymers. 
Soluble polymer fractions were found to have degrees of polymerization 
of 20*. The analytical data of products synthesized in the presence of 
water were less satisfactory and indicated some hydrolysis or hydration 
of the polymers.
Further evidence concerning the structure was obtained from spectral 
data. The infrared absorption spectra as compared with those of the 
yellow polymers showed broadened C =  N absorption bands centred at 
1620 cm “ 1. These bands might be assigned to conjugated C =  N bonds. 
Broad absorption bands in the 3200-3400 cm -1 region were frequently 
found and tentatively assigned to amino groups. However, also firmly 
absorbed traces of water may sometimes have been responsible for the 
presence of these bands.
* From vapour pressure osmometer data in et+ianol.
14 R. IV. Stephany , Thesis. Utrecht (1972).
15 R. IV. Stephany and IV. Drenlh, Reel. Trav. Chim. Pays-Bas 91, 1453 (1972).
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In the ultraviolet and visible spectra strong background absorption 
was observed. No absorption maxima could be detected.
The proton magnetic resonance spectrum of a soluble sample of the 
black polymer prepared from poly-(ethyl isocyanide), measured in 
CD3OD, showed two broad resonances centred at 1.27 ppm (3H, Av, 
32 Hz) and 2.67 ppm (2H, Avx 31 Hz) owing to the methyl and methylene 
groups, respectively. It is of interest to compare this shift of the methyl­
ene group with those in the yellow polymer, 3.41 ppm (Table II), in 
monomeric ethyl isocyanide, 3.40 ppm**, and in ethyl cyanide, 2.34 
ppm16. From this comparison it can be concluded that the ethyl group 
in the black polymer is bonded to carbon rather than to nitrogen.
The combined data point to a polycyanide structure for the black 
solids. This observation suggests that the polymers of primary alkyl 
isocyanides undergo a rearrangement catalyzed by acid:
NR
NR NR R R R
4 R primary alkyl
The observed stability of polymers of secondary isocyanides and of 
/^/7-butyl isocyanide towards such an isomerization is ascribed to 
steric hindrance. Space-filling models of a poly-Schiff base polymer 
show that the polymer chain has the configuration of a tightly coiled 
helix, in particular when secondary or tertiary alkyl substituents are 
present. In the latter chains vicinal imino double bonds were nearly 
orthogonal and were highly shielded by the alkyl groups. Apparently 
this shielding of the imino groups prevents initial proton attack on 
nitrogen and subsequent rearrangement. The faint colour of the poly­
isocyanides is in accordance with the low degree of conjugation.
In contrast with this a space-filling model of the black polycyanides 
showed that the C =  N backbone can be completely planar, allowing a 
high degree of conjugation. Such a conjugation could give rise to semi­
conducting properties. Therefore, preliminary electrical conductivity 
measurements were made on pressed discs of polymer samples. The
** ln CC14, TMS as the internal standard.
1,1 The Sadler Standard Spectra. Sadler, Philadelphia, no. 1877 m.
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black poly-(ethyl cyanide) polymer showed an electrical conductivity 
increasing reversibly with temperature: a 2930K 10 7 ohm -1cm - 1 ; 
a 373°K 10 5 ohm -1cm -1. A comparison with the yellow poly-(ethyl 
isocyanide) polymer could not be made because the latter was prone 
to rearrange partly, when pressure was applied, as appeared from the 
colour change to dark-brown. Polymers of secondary alkyl isocyanides 
were found to have a much lower conductivity of a 300°K < 10"14 
ohm - ’em -1.
Polycyanides with degrees of polymerization of 20-30 are known17. 
They have been synthesized by heating alkyl and aryl cyanide complexes 
with metal halides at 200- 250°. The alternative route through poly­
isocyanides, described in this paper, might be preferable for these 
interesting semiconducting compounds. The necessary polyisocyanides 
are now easily accessible by polymerization of isocyanides with 
nickel(II)-catalysts.
Experimental5
The isocyanides were prepared by dehydration of the corresponding N-substituted 
formamides8. The catalysts were either commercial products or were prepared according 
to literature m ethods18. Nickel chloride was dehydrated with thionyl chloride19.
Polymerization by N i(C 2H 5OH) (/-C4H 9NC)C12 and nickel chloride was performed 
under a nitrogen atmosphere. The polymers were prepared by adding the appropriate 
isocyanide to a stirred solution of the catalyst in the desired solvent. The polymers were 
isolated by filtration or centrifugation of the reaction mixture or by evaporation of the 
solvent. After washing thoroughly with methanol the solids were dried in vacuo. The 
compounds so obtained were fairly pure. The polymers that were sufficiently soluble 
were recrystallized by dropwise addition of the polymer solution in an apolar solvent 
to excess methanol. Otherwise the solids were purified by extracting with methanol and 
water. In experiments with nickel acetylacetonate and ethanol the catalyst was dissolved 
by heating and the isocyanide added to the still hot solution. The reaction mixture was 
quickly cooled to the desired reaction temperature.
The isomerization was carried out by adding a small amount of an acidic solution in 
methanol, ethanol or chloroform to the polymer dissolved in chloroform or suspended in 
ethanol. Sulfuric acid, hydrochloric acid, trichloroacetic and /7-toluenesulfonic acid were 
used.
Alternatively, gaseous hydrochloric acid was introduced into the reaction mixture. The 
solids were isolated by filtration or evaporation of the solvent and dried in vacuo at 80°. 
In general, the black polymers were recrystallized by adding the polymer solution in 
ethanol to excess acetone. Insoluble polymers were purified by extracting with solvent.
Micro-analyses were carried out under the supervision of Mr. W. J. Buis at the Institute 
for Organic Chemistry TNO, Utrecht.
17 V. A. Kabanov, V. P. Zubov , V. P. Kovaleva and V. A. Kargin, J. Polymer Sei. C4, 
1009 (1964).
18 R. G. Charles and M. A. Pawlikowski , J. Phys. Chem. 62, 440 (1958).
19 G. Brauer, Handbuch der Präparativen Anorganischen Chemie. F. Enke Verlag, 
Stuttgart (1962), p. 1343.
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